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(57) ABSTRACT

A wind turbine includes an optical sensor system comprising
one or more optical sensors comprising: a sensor membrane;
a light source for illuminating a surface of the sensor mem-
brane; an optical dispersive element arranged to disperse the
light from the light source; and a light detector for receiving
a portion of the dispersed light beam after reflection from the
surface of the sensor membrane and dispersion of the light
beam by the optical dispersive element. The wavelength of
the light recerved at the light detector varies as a function of
the displacement of the sensor membrane and the light detec-
tor operatively provides an output based on changes 1n the
wavelength ol the received light. The wind turbine 1s operable
based on an input to a wind turbine control system received
from the optical sensor system.
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WIND TURBINE INCLUDING OPTICAL
SENSOR SYSTEM

The present invention relates to an optical sensor system
for a wind turbine and to a wind turbine incorporating such a
sensor system. The invention finds particular application 1n
the detection of turbulence or in the monitoring of vibration of
a wind turbine component.

BACKGROUND OF THE INVENTION

In order to optimise the extraction of energy from the wind,
wind turbines are typically equipped with a number of sensor
devices, which may provide feedback to the control systems
of the turbine. For example, sensor devices are commonly
used for monitoring environmental conditions at the wind
turbine as well as for measuring parameters of the wind
turbine components, such as strain. Using the data obtained
from these sensor devices, the wind turbine may be operated
accordingly, such as controlling the pitch of the blades. Also
the yaw of the nacelle, can be adjusted 1n order to make the
wind turbine as efficient as possible at generating energy.

Sensor devices are also commonly used to monitor the
condition of the wind turbine components so that damage to
the component, or deterioration 1n the condition of the com-
ponent can be detected and the necessary maintenance carried
out as early as possible. This helps to improve the lifetime of
the components and prevents premature or complete failure
of the wind turbine. In addition, since certain types of damage
can adversely affect the operation of the wind turbine, effec-
tive maintenance of the wind turbine components ensures that
the wind turbine can operate as efficiently as possible. Such
sensor systems are particularly important for wind turbines
located 1n remote areas, such a offshore, coastal or elevated
areas, where the time and cost associated with maintenance
are relatively high.

Due to the height of most wind turbines, damage from
lightning strikes 1s a recurring operational problem. The use
of lightning conductors provides one way of drawing the
energy from a lightming strike safely away from the struck
component, which as a result may suffer minimal or no dam-
age. However, lightning conductors will not always
adequately protect sensor equipment mounted on or 1n wind
turbine components. Sensor systems 1ncorporating metallic
components such as wiring and circuits are particularly sus-
ceptible to damage from an electrical discharge.

Additionally, the operation of sensor systems 1n a wind
turbine may be adversely affected by the magnetic and elec-
trical fields associated with heavy electrical and mechanical
machinery present, for example in the nacelle. As aresult, the
sensor systems are not able to work in an optimal way.

For these reasons, 1t 1s generally preferred to reduce the
number of electronic components used 1n sensor systems and
to use optical elements where possible.

One type of sensor which has proved to be sensitive to
EMC disturbance from heavy machinery in a wind turbine,
such as the generator, are electrical microphones which may
be used 1n acoustic sensors to monitor the condition of wind
turbine components based on the sound emissions. It has
therefore been previously proposed to use ‘optical” micro-
phones for sensor applications 1 wind turbines. Optical
microphones detect air movements using a membrane which
transiers any oscillations to a beam of light rather than an
clectrical signal.

For example, it has been previously proposed to provide
wind turbines with sensor systems imncorporating one or more
optical microphones for detecting turbulence in the air tlow at
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the wind turbine. In one proposed system, turbulence sensors
are used for the detection of the accumulation of unwanted

matter, such as ice or dirt, on the surface of the wind turbine
blades. In another proposed application, similar turbulence
sensors are used as part of a control system that controls an
acrodynamic parameter of a wind turbine blade, such as pitch
angle, based on turbulence measurements. Optical micro-
phones have also been proposed for use 1n place of electrical
microphones for detecting vibrations as part of a Condition
Monitoring System for monitoring the generator or other
equipment within the nacelle.

The known optical microphones have not typically per-
formed as well as traditional electrical microphones, 1n par-
ticular, due to sensitivity of the microphone to movements of
the associated optical fibres, which causes false signals to be
generated. This problem 1s particularly serious in moving or
rotating structures, such as wind turbines. The performance
of many optical microphones is also adversely atfiected by the
fact that the optical sensor must be attached to the sensor
membrane, for example 1n the case of a Fibre Bragg Grating
sensor. The membrane therefore becomes heavier and 1s not
free to respond accurately to air movements. In addition, 1n
existing arrangements for optical microphones, the required
light generation and detection apparatus 1s relatively expen-
s1ve, so that 1t 1s not economically feasible to use such systems
on a commercial scale.

It would therefore be desirable to provide a sensor system
incorporating a novel optical microphone arrangement,
which has an improved performance and which overcomes
the problems associated with existing optical microphones. It
would be particularly desirable 11 such a system could be
formed from relatively robust and low cost components such
that the system 1s more economically feasible for use 1n wind
tarms. It would further be desirable 11 such a system could be
readily adapted for a variety of different sensor applications
on a wind turbine.

According to the present invention there 1s provided a wind
turbine including an optical sensor system comprising one or
more optical sensors, each sensor comprising: a retlective
sensor membrane; a light source for 1lluminating a surface of
the sensor membrane; an optical dispersive element arranged
to disperse the light beam from the light source; and a light
detector for recerving a portion of the light beam after retlec-
tion from the surface of the sensor membrane and after dis-
persion of the light beam by the optical dispersive element.
The wavelength of the light received at the light detector
varies as a function of the displacement of the sensor mem-
brane and the light detector operatively provides an output
based on changes 1n the wavelength of the received light. The
wind turbine further comprises a controller for receiving data
from the sensor system and based on the received data con-
trolling an operating parameter of the wind turbine.

The term ‘operating parameter’ refers to any parameter of
the wind turbine which affects the operation of the wind
turbine. The parameter to be controlled based on the data
received from the optical sensor system will depend upon the
function of the sensor system and examples will be described
below. In certain embodiments, the operating parameter to be
controlled may be an aerodynamic parameter of the wind
turbine blade, such as pitch or rotor rpm. In other embodi-
ments, the operating parameter to be controlled may be a
parameter of the generator, such as load, power or rpm.

SUMMARY OF THE INVENTION

The optical sensor of the wind turbines of the present
invention provides a novel type of optical microphone, which
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has a variety of potential applications in the monitoring of the
wind turbine during operation, as described 1in more detail
below.

The optical sensor used 1n the wind turbines of the present
invention works by detecting changes in the wavelength of
the light recerved at the light detector, which are indicative of
the movement of the sensor membrane relative to the light
detector and light source. In the dispersed beam produced by
the optical dispersive element, the different wavelengths of
light are spread out or split to produce a dispersed, ‘fan’ beam.
Each wavelength of light will travel at a slightly different
angle relative to the sensor membrane, after the light beam
has been reflected from the surface of the sensor membrane.
The wavelength of light that 1s received at the light detector
will depend upon the position of the sensor membrane rela-
tive to the fixed positions of the light source and the light
detector.

The displacement of the sensor membrane can be directly
derived from the measured changes 1n wavelength, based on
simple trigonometric methods, since the positions of the light
source and the light detector, as well as the angular dispersion
of the light beam by the prism will be known and will remain
fixed. The pattern of displacement of the sensor membrane
gives an indication of the air flow at the surface of the sensor
membrane, in the same way as a conventional electrical
microphone.

Advantageously, the arrangement of the present invention
allows the retlected light to be detected without the need to
attach any detection components directly to the sensor mem-
brane, which allows the sensor membrane to move ireely in
response to air movements at the surface. As a result, the
sensor membrane can respond more quickly to air movements
and provide a more accurate indication of air flow at the
surface. The arrangement of the sensor membrane therefore
resembles more closely that of an electric microphone and
can provide a similar high performance whilst providing the
benelit of using optical components, rather than electrical
components.

The sensor used 1n the present invention 1s highly sensitive
and even small displacements of the membrane can bereadily
detected through momitoring the wavelength of the retlected
light recerved at the light detector. As there are few moving
parts, the sensor 1s resistant to extreme changes in tempera-
ture and the operation of the sensor will not be affected by
changes 1n the conditions, such as temperature or humidity.
Furthermore, since the sensor uses optical fibres where pos-
sible rather than metallic wiring or circuitry, the performance
ol the sensor will not be atfected by the electrical or magnetic
fields of heavy equipment in the vicinity of the sensor and the
risk of damage due to lightning strikes 1s reduced.

The light source and the light detector of the sensor used in
the present mvention can advantageously be provided by
relatively cheap and robust components that are relatively
casy to install and operate. The present invention therefore
provides a cost effective sensor which 1s suitable for use in
wind turbines on a commercial scale.

The light source of the optical sensor used in the present
invention emits a single light beam, which 1s split into differ-
ent wavelengths by the optical dispersive element to produce
a dispersed beam with each different wavelength or colour
refracted at a different angle. The light source may comprise
any suitable optoelectronic device, including for example a
light-emitting diode, a photodiode or a laser. Preferably, the
light source further comprises an optical fibre and the light
output from the optoelectronic device 1s mputted 1nto the
optical fibre, which transmits the light and directs the light at
the surface of the sensor membrane. Depending upon the
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required position of the sensor 1n the wind turbine, the opto-
clectronic components can be located remotely such that they
are protected from lightning strikes.

The ‘light” emitted by the light source may be visible light
or may alternatively be a non-visible type of electromagnetic
radiation, such as infrared. In a first preferred embodiment,
the light source emits light at an average wavelength of
around 1500 nm. In a second preferred embodiment, the light
source emits light at an average wavelength of around 800
nm.

The Wavelength range of the light beam emitted from the
light source 1s preferably relatively narrow. For example, the
wavelength range of the light beam 1s preferably less than 10
nm, more preferably around 5 nm. In one particularly pre-
ferred embodiment, the light source emits a beam with a
wavelength range of 1500 nm to 1505 nm.

The optical dispersive element splits the light beam from
the light source into its constituent wavelengths, wherein
cach wavelength 1s refracted by a different angle to disperse
the light beam 1nto a fan or cone shape. For example, 1n the
case ol a beam of white visible light, the optical dispersive
clement breaks up the light into its constituent spectral
colours to produce a dispersed, rainbow beam. The optical
dispersive element may take the form of one or more prisms,
diffraction gratings or any other beam splitting optical com-
ponents.

The optical dispersive element may be mounted at various
positions along the path of the light beam between the light
source and the light detector, such that the dispersion of the
light beam occurs at a different time relative to the reflection
of the beam. In all cases, however, the same measurement
principles may be used to monitor changes 1n the wavelength
of the light recerved at the light detector and from this to
determine any movement of the sensor membrane.

In a first embodiment of the invention, the optical disper-
stve element 1s mounted 1n front of the light source, between
the light source and the sensor membrane, such that the sur-
face of the sensor membrane 1s 1lluminated with the dispersed
beam. The dispersed light beam 1s sent in a spread out manner
from the light source and will hit the surface of the sensor
membrane 1n a distributed pattern. Each wavelength of light
will therefore also be retlected back from the sensor mem-
brane at a slightly different angle, so that the reflected light 1s
also 1n the form of a dispersed, ‘fan’ beam. Any movement of
the sensor membrane as a result of air flow or vibration will
cause movement of the dispersed beam so that a different
portion of the beam 1s directed at the light detector and a
different wavelength of light 1s received. In the first embodi-
ment of the mvention, the optical dispersive element 1s pret-
erably an optical prism.

In a second embodiment of the mnvention, the optical dis-
persive element 1s provided at the surface of the reflective
sensor membrane such that the light beam from the light
source 1s incident on the optlcal dispersive element. The light
beam from the hght source 1s thereby split by wavelength and
dispersed as it 1s reflected from the surface of the sensor
membrane. The resultant dispersed beam will take the same
form as described above 1n relation to the first embodiment of
the invention. Any movement of the sensor membrane will
cause a corresponding movement of the optical dispersive
clement and therefore also movement of the dispersed beam
so that a different portion of the beam and therefore a different
wavelength 1s recerved at the light detector.

In the second embodiment, the optical dispersive element
may take any suitable form which 1s capable of varying the
angle at which the incident light beam 1s reflected, based on
wavelength. Suitable optical dispersive elements for applica-
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tion onto the sensor membrane would be known to the skilled

person and include, for example, a diffraction grating such as

a ruled grating or a holographic grating, or a type of optical

filter.

In one preferred example, the optical dispersive element 1s
in the form of a filter having angular dependence, which
means that the wavelength spectrum of the dispersed beam
reflected back from the filter will vary depending on the angle
of incidence of the light beam on the filter. As the sensor
membrane moves relative to the light source, the angle of
incidence of the light beam on the filter will vary, causing the
wavelength spectrum of the reflected, dispersed beam to vary.
By monitoring the change in the wavelength received at the
light detector, 1t 1s then possible to monitor the change 1n the
angle of incidence of the light beam and therefore the move-
ment of the sensor membrane. Suitable thin film filters having
angular dependence are available from Semrock, Inc.

In the second embodiment, the optical dispersive element
may be imncorporated at the surface of the sensor membrane in
a number of ways, which would also be known to the skilled
person. Preferably, the optical dispersive element 1s 1 the
form of a coating or thin film that 1s applied to an area of the
surface of the sensor membrane, for example, using tech-
niques such as photo deposition or vapour deposition. Alter-
natively, the optical dispersive element may be integrated 1nto
the sensor membrane.

In embodiments according to the second aspect of the
invention, the optical dispersive element preferably covers a
defined area of the surface of the sensor membrane, which
coincides with the area 1lluminated by the light beam from the
light source. The defined area may be relatively small com-
pared to the overall area of the sensor membrane surface, for
example, the optical dispersive element may cover an area of
less than 5 mm~, or less than 3 mm~ or in some cases less than
1 mm~.

In a third embodiment of the invention, the optical disper-
stve element 1s provided between the sensor membrane and
the light detector, such that the light beam 1s not dispersed
until after 1t has been reflected from the surface of the sensor
membrane. Any movement of the sensor membrane as aresult
of air flow or vibration will cause movement of the retlected
beam so that the beam hits the optical dispersive element at a
slightly different angle and the position of the dispersed beam
produced by the optical dispersive element will shift slightly.
As with the other two embodiments described above, a dit-
terent portion of the dispersed beam will then be directed at
the light detector. In the third embodiment of the mvention,
the optical dispersive element 1s preferably an optical prism.

The use of optical dispersive elements to disperse a light
beam from a light source 1s well known and the skilled person
would be familiar with the available types of optical disper-
stve elements and the way 1n which they affect a light beam.
Some background information regarding optical dispersive
clements may be found, for example, 1n
“Application of surface-relief diffractive optics to helmet-

mounted displays” by C. Cotton, D. Faklis, J. Bowen and

G. Morris, Storming Media (1991);

“RITMOS: a micromirror-based multi-object spectrometer”
by R. Meyer, K. Kearney, 7. Ninkov, C. Cotton, P. Ham-
mond and B. Statt, Proc. SPIE, 5492 (2004 ); and

“Interference filters and special filters” published by Schott A
G.

The light detector of the sensor used in the present inven-
tion 1s arranged to receive a portion of the light beam that 1s
reflected from the surface of the sensor membrane and that
has been dispersed at a certain position by the optical disper-
sion element. The range of wavelengths or angle of dispersed

10

15

20

25

30

35

40

45

50

55

60

65

6

light received by the light detector must necessarily be less
than the total wavelength range or angle of the reflected beam,
to allow changes 1n the wavelength of the recerved light to be
detected. The light detector 1s positioned so that the portion of
the beam that 1s recerved will vary according to the position of
the sensor membrane relative to the light detector. Suitable
types of light detectors would be known to the skilled person.
Preferably, the light detector comprises one or more optical
fibres and a portion of the retlected light 1s recerved into the
end of an optical fibre directed at the surface of the sensor
membrane.

In one particularly preferred embodiment, the light detec-
tor comprises a WDM (wavelength division multiplexing)
system 1n which a portion of the dispersed beam 1s received 1n
a single optical fibre and directed as a single input to a demul-
tiplexer, which splits the beam again 1nto two or more sepa-
rate outputs of different wavelengths. Each output 1s sent to a
PIN diode and the two or more PIN diodes are connected to a
differential amplifier.

As the sensor membrane moves relative to the light detec-
tor, the wavelength of light recerved at the light detector wall
vary 1n a continuous manner and the amplitude of one of the
output wavelengths will increase whilst the other(s) decrease.
By comparing the amplitudes of the different output signals,
it 1s therefore possible to analyse the changes 1n wavelength of
the received light and calculate the corresponding movement
of the sensor membrane.

This type of light detector arrangement 1s particularly
advantageous, since unlike with many conventional types of
optical microphone, the output 1s relatively insensitive to
movement 1n the optical fibres, for example, as a result of
movement of the wind turbine components. This 1s because
any movement will atfect each of the wavelength outputs 1n
the same way so that common changes will be cancelled out
by the differential amplifier and will not cause great inaccu-
racies.

The light detector of sensors used 1n the present invention
operatively provides an output based on changes 1n the wave-
length of the received light. The output 1s preferably recerved
at a processor, which processes the measured wavelength data
to determine the pattern of displacement of the sensor mem-
brane. Based on the information about the displacement of the
sensor membrane, the processor can determine one or more
parameters of the air flow, or vibration causing the displace-
ment of the sensor membrane. The data processing carried out
by the processor will depend upon the function of the sensor.
In certain embodiments, the sensors will incorporate a pro-
cessor, for example, as part of the light detector. In other
embodiments, the processor will not form a part of the sensor
itsell but will be connected to the light detector 1n a sensor
system.

The output from the light detector or the processor 1s
recetved at a controller of the wind turbine, which controls an
operating parameter based on the detected output. This may
be the control of a parameter of a wind turbine component, in
order to maximise the efficiency of the wind turbine. Alter-
natively, under certain circumstances for example upon
detection of 1ce or damage to a component, the controller may
cause the wind turbine to shut down and temporanly stop
operating so that the problem can be resolved.

The sensor membrane of sensors used in the invention 1s
arranged so that 1t 1s susceptible to the changes 1n air flow that
are to be detected by the sensor. The membrane will typically
be relatively thin, preferably between 0.5 mm and 2.0 mm,
and 1s tensioned so that the likely air flow at the surface of the
sensor membrane will result 1n only a small movement of the
membrane surface. In practice, a range of movement of the
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membrane of the order of several micrometers has been found
advantageous, although the necessary range of movement
will depend upon the application.

The choice of material of the membrane will also depend
upon the required application of the sensor but 1s critical to
ensure that the membrane 1s suitable for measurement. A
material that 1s too light and flexible will in many cases be too
sensitive to air flow and will not be suitable for distinguishing
between normal and abnormal air flow conditions. Prefer-
ably, the material 1s therefore sufliciently strong and stifl to
ensure that only relatively strong vibrations (in the range of
10 to 100 Hz) are detected. Additionally, the sensor mem-
brane must be formed of a material that has a suificiently
smooth, reflective surface to enable the light beam to be
reflected effectively such that 1t can readily be detected by the
light detector. Preferably, the sensor membrane 1s formed of a
reflective polymeric material.

In certain embodiments, 1t may be possible to use a surface
of a wind turbine component as the sensor membrane for the
sensor of the present invention. For example, the outer surface
ol a wind turbine blade may provide a suitable sensor mem-
brane for certain applications where it 1s desired to measure
air tlow at the surface of the blade.

In certain embodiments of the present ivention, the light
source and the light detector of the optical sensor system are
operatively provided in a sensor cavity within a wind turbine
blade component, such as a wind turbine blade, and the sensor
membrane covers at least part of the cavity. The sensor cavity
may be sealed. This allows the cavity environment to be
maintained at levels of humidity and temperature that ensure
good operation of the sensor membrane. Sealing the cavity
also acts to keep the internal surface of the membrane clean so
that the reflection of the light from the surface remains con-
sistent. Furthermore, with the sealed cavity, the movement of
the sensor membrane can be considered wholly attributable to
variations 1n the air flow at the outer surface of the membrane
so that the sensor can accurately monitor conditions. In cer-
tain cases, the cavity may be filled with a gas other than air,
such as an inert gas, €.g. nitrogen.

The present invention also provides a wind turbine com-
prising an optical sensor system comprising: a plurality of
optical sensors, as described above, and a processor for
receiving the output from the light detectors of the one or
more optical sensors and determining from the output the
displacement of the sensor membrane, as also described
above. Systems used 1n the present invention may 1nclude a
single optical sensor, but more preferably include a plurality
of optical sensors. This allows monitoring of the air flow or
vibrations at several different locations on a wind turbine
component, providing information for use in a more sophis-
ticated sensor system.

Preferably, sensor systems used in the present invention
turther comprise a memory for recording the outputs from the
light detectors of the one or more sensors over a predeter-
mined time period, wherein the processor analyses the
recorded outputs 1n order to determine a condition of the wind
turbine over the time period. The ‘condition” may be a con-
dition of the component itself, such as accumulation of 1ice or
dirt, or may be a condition of the environmental conditions at
the component, such as the air flow. Specific examples of the
potential uses of the memory are described below 1n relation
to the different aspects of the mvention.

Sensor systems used 1n the present invention may further
comprise an electrically insulated housing containing at least
the light source and the light detector. This allows the com-
ponents of the sensor system that are vulnerable to electrical
discharge, for example from lightning or stray currents in the
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clectrical machinery, to be protected. The optical, non-metal-
lic and mechanical elements of the sensor system can then be
deployed 1n locations of the wind turbine that are susceptible
to electrical discharge, such as on the exterior of the wind
turbine, 1n particular on the wind turbine blades, or in the
nacelle near to the electrical components such as the genera-
tor.

The sensor system described has a number of potential
applications in wind turbines according to the invention. In a
first aspect of the mvention, the sensor system 1s adapted for
use 1n monitoring the airtlow at a surface of a wind turbine
component, wherein the sensor membrane 1s operatively
mounted at a surface of a wind turbine component for moni-
toring air flow across the surface and wherein the processor
determines from the output of the light detector the type of
airflow across the sensor membrane. In particular, the sensor
systems of wind turbines according to the first aspect of the
invention may be adapted for operatively detecting turbulent
air flow at the surface of a wind turbine component, wherein
the processor analyses varniations in the wavelength of the
received light at the light detector over a predetermined
period of time to determine whether the air tflow over the
sensor membrane 1s turbulent.

Sensor systems of wind turbines according to the first
aspect of the invention find particular application 1n the moni-
toring of airflow conditions at the surface of a wind turbine
blade and 1n the detection of turbulent airtlow across the blade
surface.

In certain embodiments, the airflow at the blade surface can
be monitored in order to indirectly monitor the surface con-
dition of the blade. Changes in the blade condition, such as
deterioration of the blade surface, for example due to erosion
or corrosion, or accumulation of matter such as dirt or ice, will
greatly affect the flow of air across the blade surface. Accu-
mulation of dirt, for example, may manifest itself as a gradual
increase 1n the turbulence detected at the surface. Ice accu-
mulation may have the same effect 1n increasing the turbu-
lence but the effect will be seen more quickly over a number
of hours. The nature of the matter accumulating on the blade
may therefore also be deducible from the output of the sen-
sors. Preferably, such systems for monitoring the condition of
the blade surface include a plurality of optical sensors on the
windward and leeward side of the blade, so that a complete
sensor view 1s obtained.

Similar sensor systems are preferably incorporated on each
of the blades of a wind turbine. I desired, the different sys-
tems from the blades may be connected to a common proces-
sor. This enables the processor to compare the output from the
different optical sensors of one blade with those of another.
The processor can then give an indication of whether the
blades are mounted and operating correctly, and can compare
the condition of the different blades.

Preferably, 1n sensor systems of wind turbines according to
the first aspect of the invention for monitoring the condition of
the blade surface, the optical sensors are each provided 1n a
sensor housing having walls that define a cavity, 1n which the
light source and light detector are contained. The sensor 1s
then mounted 1n the blade such that the sensor membrane
separates the cavity from the outside air, and such that the
membrane 1s 1n contact with the airflow across the surface of
the blade.

Preferably, the sensor membrane and the blade surface are
arranged so that they form a smoothly continuous blade sur-
face. This ensures that the presence of the sensor membrane
does not impact the aecrodynamic properties of the blade and
also prevents the introduction of obstructions at the blade
surface which may affect the air flow patterns. If desired, the
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membrane may be painted the same colour as the surrounding,
component surface to ensure that the visual appearance of the
wind turbine 1s not impaired.

Under some operating conditions, the airflow across the
surface of the blade will be laminar, resulting 1n little or no
disturbance of the sensor membrane. Turbulent air flow
caused, for example, by stall or the accumulation of matter at
the blade surface, will result 1n sudden and unpredictable
movement of the membrane and associated changes 1n the
wavelength of the light reflected back to the light detector.

The processor may take continuous or periodic readings
from each of the plurality of optical sensors which may be
recorded 1n the memory to develop a time log of changes in
the airtlow over the blade. The processor may determine a
condition of the blade surface based on a change 1n the sensor
outputs compared with past outputs. This allows past outputs
to act as a reference for comparison with the instantaneous or
current readings being taken. This comparative information
may be used to determine large scale changes in the airtlow
that are indicative of problems with the component. Alterna-
tively or 1n addition, the information from the optical sensors
may be used to monitor the performance of a wind turbine
blade to enable the continuing improvement and development
ol aerodynamic properties of wind turbine blades, such as
blade shape.

In a second aspect of the invention, the sensor system 1s
adapted for use 1n a blade control system. The blade control
system comprises a sensor system as described above 1n
relation to the first aspect of the ivention for detecting tur-
bulence at the surface of the blade, and a controller for recerv-
ing data from the processor of the sensor system and based on
the detection of the state of the airflow controlling an aero-
dynamic parameter of the rotor blade.

Systems of wind turbines according to the second aspect of
the invention allow the aerodynamic interaction of the blade
with the air flow to be monitored in real time, and for the blade
to be adjusted as desired based on a measure of turbulence.

In certain preferred embodiments of wind turbines accord-
ing to the second aspect of the mvention, the aerodynamic
parameter for control 1s the pitch angle of the wind turbine
blade. The controller preferably controls the pitch of the
blades to minimise the turbulence at the blade surface and
maximise the output power from the wind turbine. This offers
a responsive and finely tuned rotor blade pitch control mecha-
nism based on the immediate acrodynamic conditions of the
wind turbine blade.

As described above 1n relation to the first aspect of the
invention, under normal operating conditions of the wind
turbine, the airflow across the blade surface will be laminar,
resulting in little or not disturbance of the sensor membrane.
Turbulent airtlow caused by the pitch of the blade inducing
stall-like conditions will result in sudden and unpredictable
movement of the membrane and associated changes 1n the
wavelength of the detected light.

To detect stall-like conditions, where the pitch angle of the
blade 1s too large, the optical sensors are preferably located in
greater numbers on the suction surface of the blade and more
preferably 1n greater numbers towards the trailing edge of the
suction side of the blade, than in other areas.

In alternative embodiments, the acrodynamic parameter
for control 1s the blade shape, or the airflow past the blade.
Provision of suitable mechamsms to dynamically change the
blade shape or adjust the airflow past the blade can then be
operated based on the detected conditions to ensure that oper-
ating conditions are maintained according to pre-set desired
values or ranges, where possible. Known techmiques for
dynamically adjusting the shape of the blade include, for
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example, hinged flaps, microtabs, surface slots or slats, con-
cave or convex surface bumps, and fluid filled cavities or
voids imside the blade.

In a third aspect of the invention, the sensor system 1s
adapted to Tunction as a vibration sensor system for monitor-
ing the vibration level of wind turbine components in order to
detect abnormal operating conditions. For example, 1n certain
preferred embodiments, the sensor system may be adapted to
replace the accelerometers presently used to monitor the
health of components within the nacelle, such as the genera-
tor, by monitoring the vibrations on the surface of the com-
ponents. In the case of a generator, when a fault 1s developing
or has developed, the generator has been found to have a
different frequency of vibration to the frequency during nor-
mal operation. By detecting and analysing the vibration at the
surface of the generator, problems that will impair the opera-
tion can be 1dentified 1n advance of a breakdown occurring.

The sensor system 1s particularly suitable for application in
a condition monitoring system for components of the wind
turbine within the nacelle, such as the generator or gear box,
since the system 1s formed of mostly optical elements which
are not affected by the electrical or magnetic fields produced
by the heavy machinery within the nacelle.

In other embodiments, a vibration sensor system as used 1n
wind turbines according to the third aspect of the present
invention may be used to monitor the vibration levels 1n a
wind turbine component, such as a wind turbine blade or
tower, due to wind loading during operation. Excessive levels
of vibration can reduce the lifetime of wind turbine compo-
nents and 1n some cases, cause damage to the components. It
1s therefore important to monitor the vibration levels so that
the operating parameters of the wind turbine can be con-
trolled 1n response to the detection of vibration levels above a
threshold value. For example, the pitch angle of the wind
turbine blades may be controlled in order to reduce vibration,
or the wind turbine may be temporarily turned off. In addi-
tion, the vibration sensor system may be used to detect
changes in the resonant frequency of the wind turbine blade,
which would give an indication that the blade has been dam-
aged, or 1s covered with ice or other matter.

In a fourth aspect of the invention, related to the third aspect
described above, the sensor system 1s used as a microphone
for monitoring the sound emitted from wind turbine compo-
nents 1n order to detect abnormal operating conditions. For
example, in certain preferred embodiments, the sensor sys-
tem may be adapted to replace the microphones presently
used to monitor the health of components within the nacelle,
such as the generator, by monitoring the sound or acoustic
waves emitted from the components. In the case of a genera-
tor, when a fault 1s developing or has developed, the generator
has been found to emit a different sound to the sound emitted
during normal operation. In a simple case, a particular sound
may indicate that a bearing 1s damaged. By detecting and
analysing the sound spectrum of the generator, problems that
will impair the operation can be i1dentified 1n advance of a
breakdown occurring.

In a similar way, the sensor system may be used as a
microphone to monitor noise or sound from other wind tur-
bine components, including for example the gear box, a bear-
ing such as a main bearing or a blade bearing, a gear such as
a yaw gear, or a blade. The sensor system may be adapted
according to the frequency of the sound which 1s to be moni-
tored, for example, through selection of the type of material
used to form the sensor membrane, the tension of the sensor
membrane and/or the type of optical dispersive element.

The frequency and/or amplitude of the sound generated by
the wind turbine component can be monitored directly
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through the monitoring of the frequency and amplitude of the
movement of the sensor membrane 1n the sensor system. For

any particular component, the frequency or amplitude asso-
ciated with a certain type of damage or failure will be known
and any change of the frequency or amplitude of the sound
generated by the component from the normal levels towards
the levels indicative of damage can be immediately 1dentified.
The necessary action to avoid or reduce further damage or to
replace or repair the component can then be taken.

In the third and fourth aspects of the invention, the use of a
sensor system comprising a type of optical microphone, with-
out electronic components, 1s particularly advantageous since
the sensor system 1s not sensitive to EMC disturbance. Fur-
thermore, since the sensor system does not require the use of
clectrically conductive components, it can be safely installed
in a wind turbine blade without increasing the risk of damage
to the blade by lightning strikes.

Wind turbines according to the invention may comprise
one or more sensor systems, as described above. Different
sensor systems may be used to monitor different wind turbine
components and/or different conditions.

In one preferred embodiment of a wind turbine according
to the mvention, a sensor system 1s operatively mounted on
cach wind turbine blade such that the sensor membrane 1s
integral to the surface of the blade. Such a system can be
adapted to momtor turbulence or vibration, as described
above.

The present invention further provides an optical sensor
system comprising one or more sensors, each sensor com-
prising: a retlective sensor membrane; a light source for illu-
minating a surface of the sensor membrane; an optical dis-
persive element arranged to disperse the light beam from the
light source to produce a dispersed light beam; and a light
detector for receiving a portion of the light beam atter retlec-
tion of the light beam from the surface of the sensor mem-
brane and after dispersion of the light beam by the optical
dispersive eclement, wherein the wavelength of the light
received at the light detector varies as a function of the dis-
placement of the sensor membrane and wherein the light
detector operatively provides an output based on changes 1n
the wavelength of the received light. As described above, the
optical dispersive element may be positioned between the
light source and the sensor membrane, on the sensor mem-
brane itself, or between the sensor membrane and the light
detector.

The invention will now be further described by way of
example only and with reference to the accompanying figures

in which:

BRIEF DESCRIPTION OF THE FIGUR.

L.
)

FIG. 1 illustrates a wind turbine:

FI1G. 2 1s a longitudinal elevation of a wind turbine blade of
the turbine of FIG. 1, showing an example arrangement of
optical sensors 1n a turbulence sensor system;

FIG. 3 illustrates an example of an optical sensor system of
a wind turbine according to the first embodiment described
above;

FI1G. 4 provides a schematic illustration of the functioning
of the optical sensor of FIG. 3 to detect movement of the
sensor membrane;

FIG. 5 illustrates an example of an optical sensor of a wind
turbine according to the second embodiment described
above;

FIG. 6 illustrates an example of an optical sensor of a wind
turbine according to the third embodiment described above;
and
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FIG. 7 illustrates the use of the optical sensor system
according to the invention 1n the monitoring of a wind turbine
generator.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 illustrates a wind turbine 1 according to the inven-
tion comprising a wind turbine tower 2 on which a wind
turbine nacelle 3 1s mounted. A wind turbine rotor 4 compris-
ing three wind turbine blades 5 1s mounted on a hub 6. The
hub 6 1s connected to the nacelle 3 through a low speed shatt
(not shown) extending from the nacelle front. The wind tur-
bine of FIG. 1 may be a small model intended for domestic or
light utility usage, or may be a large model such as those that
are suitable for use 1n large scale electricity generation on a
wind farm. In the latter case, the diameter of the rotor may be
as large as 100 meters or more.

Each wind turbine blade 5 incorporates a sensor system 10
comprising a plurality of turbulence sensors 12 spaced apart
along the blade, as 1llustrated in FIG. 2 which shows a view of
the leeward side of the blade 5. Turbulence sensors 12, as
described 1n more detail below, are disposed along the surface
of the blade 5 at aplurality of locations. Although 1t 1s possible
in some embodiments that the sensors will be provided at
equally spaced locations across the blade surface, 1n practice
it 1s sulficient 1t they are disposed to give at least some
coverage 1n the longitudinal and lateral directions of the
blade. In the example shown in FIG. 2, the sensors are pro-
vided 1n a linear array disposed along the length of the blade
and 1n a number of lateral, linear arrays spaced apart along the
length of the blade and extending across the blade such that
sensors are provided on both the windward and leeward sides.

In FIG. 2 the sensors are shown as being generally equally
spaced, as this will allow data about the flow of air around the
entire blade surface to be collected. It will however be appre-
ciated that for detecting stall-like conditions, the area of most
interest 1s the leeward trailing side of the blade and more
sensors may therefore be mounted in that region.

FIG. 3 1llustrates one of the sensors 12 making up the
sensor system 10 shown in FIG. 2, wherein the sensor 1s
shown 1n situ integrated into one of the blades 5 of the wind
turbine 1. Each sensor 12 comprises a sensor housing 14
defining a cavity 16 containing the sensor apparatus. One
surface of the sensor housing 1s provided with a sensor mem-
brane 18 which 1s mounted at the blade surface so that the
membrane 18 separates the cavity 16 from the outside air and
so that the membrane 18 1s 1n contact with the air flow at the
surface of the blade 5. The cavity is entirely sealed off from
the external environment by the walls of the sensor housing
14 and the sensor membrane 18. The cavity 16 may be filled
with an 1nert gas 11 desired.

The sensor membrane 18 1s arranged so that it forms a
smoothly continuous surface with the outer surface of the
blade 5. The membrane 18 1s also arranged such that 1t 1s
susceptible to changes 1n air tlow at the surface of the wind
turbine blade. The thickness of the sensor membrane 18 1s
between 0.5 and 2 mm and the membrane 1s tensioned so that
turbulent air flow at the blade surface will result 1n only small
movements of the sensor membrane 18.

The sensor 12 further comprises a light source 20 aimed at
the membrane 18 so that the light i1s 1ncident on the inner
surface of the sensor membrane at an acute angle to the
surface, for example, at an angle of about 45 degrees. The
light source 20 comprises a light emitting diode 22 provided
outside of the sensor housing 14, connected to an optical fibre
24 which 1s mounted within the sensor housing 14 so that the
light emitted from the exposed end of the optical fibre 24 1s
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directed towards the sensor membrane 18. The light emitting
diode 22 emits a single beam of light 284 having a range of
wavelengths between around 1500 nm and 15035 nm.

A prismatic element 26 1s mounted 1n front of the end of the
optical fibre 24 such that the light beam 28a from the optical
fibre 24 passes through the prismatic element 26 and 1s split
by the prismatic element 26 to form a dispersed beam 285
with dispersion angle o in which different wavelengths of the
light beam 28a are refracted by slightly different angles. As a
result, each different wavelength of light 1s incident at a
slightly different position on the 1mnner surface of the sensor
membrane 18. A dashed line indicates the part of the dis-
persed beam, which with highest intensity hits the light detec-
tor and the wavelength 1n that situation 1s indicative of the
zero or undisplaced state of the membrane.

It will be appreciated that the illustration in FIG. 3 1s
schematic and 1s not drawn to scale. In reality, the prismatic
clement 26 may achieve an optical dispersion of between 50
and 100 nm per degree angle so that the dispersion angle o of
the dispersed beam 285 will be significantly smaller than that
illustrated schematically 1n FIG. 3.

The sensor 12 further comprises a light detector 30 which
1s positioned within the sensor housing 14 to recerve light that
1s reflected back from the sensor membrane 18. The light
detector 30 comprises an optical fibre 32 mounted such that a
portion of the retlected beam 1s directed at the exposed end of
the fibre 32. The opposite end of the optical fibre 32 1s con-
nected to a processor (not shown) remote from the sensor
housing 14. The recerved light 1s transmitted down the optical
fibre 32 to the processor, where the received light 1s split into
different wavelength signals by a WDM system and the dii-
terent wavelength beams are each sent to a PIN diode which
detects the intensity or amplitude of the beam and outputs a
signal to a differential amplifier. The processor analyses the
amplitudes using a suitable mathematical processing tech-
nique and detects changes 1n the amplitude of the different
wavelength beams which are indicative of a change 1n the
position of the sensor membrane. The processor includes a
memory which 1s used to store the recorded patterns of ampli-
tude or intensity variation.

As shown 1n FIG. 3 and described above the light that 1s
incident on the sensor membrane surface 1s 1n the form of a
dispersed light beam 285 so that each wavelength of light 1s
incident at the surface at a slightly different angle. Each
wavelength of light 1s therefore also reflected away from the
sensor membrane surface a slightly different angle and the
reflected beam 28¢ will also be dispersed. The optical fibre 32
of the light detector 1s mounted such that is receives only a
portion of the dispersed, reflective light beam corresponding,
to a sub-range of the overall range of wavelengths within the
dispersed beam 28c¢. At the resting position of the sensor
membrane 18, the recerved light 1s at an average wavelength
A

As can be readily determined from FIG. 3, upon movement
of the membrane as a result of air flow at the blade surface or
vibration, the inner surface of the sensor membrane 18 moves
towards or away from the light detector 30 which 1n turn
causes a slight shiit 1n the position of the reflected beam 28¢
relative to the light detector. In particular, the angle between
the area sensor membrane surface on which the light beam
280 1s incident and the light detector 30 1s shifted. A simpli-
fied example 1s illustrated 1n FIG. 4 in which the sensor
membrane moves upwards relative to the blade surface by a
distance d (the position of the displaced sensor membrane 1s
shown 1n dashed lines).

It can be seen that as a result of the displacement of the
sensor membrane, a different portion of the dispersed,
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reflected beam 28c¢ 1s incident on the end of the optical fibre
32 of the light detector 30. As the sensor membrane moves
from 1ts original position to the displaced position shown, the
intensity of the received light at a first wavelength A, corre-
sponding to the resting position of the sensor membrane will
therefore diminish whilst the intensity of the received light at
a second wavelength A, will increase.

The processor detects changes 1n the intensity of the wave-
length of the received light and from this 1s able to calculate
the distance d by which the sensor membrane has moved, as
a function of time t. By recording the pattern of the displace-
ment of the sensor membrane, 1t 1s possible to detect, e.g.
when the air tlow at the blade surface changes from laminar
flow to turbulent tlow. The processor sends a signal to a
controller which 1s capable of controlling one or more oper-
ating parameters of the wind turbine, such as the pitch of the
wind turbine blades, based on the detected turbulence. In
certain cases where the turbulence indicates a build up of dirt
or ice on the blade, the controller may temporarily shut down
the turbine to enable the blades to be repaired or recondi-
tioned, or to prevent further damage to the blades. A simple
example ofhow the displacement d of the sensor membrane 1s
related to the change 1n wavelength of the received light 1s set
out below, with reference to FIG. 4.

In FIG. 4, only those light beams of wavelengths A, and A,
that are received at the light detector are shown, for the sake
of simplicity. For the beam of light of wavelength A, shown
as a dashed line, recerved at the light detector when the sensor
membrane 1s 1n a resting position, the vertical distance y from
the prismatic element 26 to the membrane 18 1s equal to the
horizontal distance x between the prismatic element 26 and
the spot on the membrane 18 where the beam hits the surtace.
This means that the light of wavelength A, hits the surface of
the sensor membrane 18 at an angle [3 of 45 degrees.

When the sensor membrane moves upwards by distance d
relative to the resting position, the vertical distance from the
prismatic element 26 to the membrane 18 will increase to
(v+d). The light beam of wavelength A, that 1s received with
high intensity at the light detector after this movement hits the
surface of the sensor membrane at an angle of p' wherein:

y+d
y

tan 5’ =

Once the angle p' has been determined, the change 1n the
wavelength of the light can be calculated based on the change
in angle (3'-3) multiplied by the optical dispersion per angle
of the beam. For example, where the membrane moves
upwards by d=1 micron and y=1 mm, the change 1n angle
(p'—f) can be calculated as 0.029 degrees. For an optical
dispersion of 100 nm per degree angle, this corresponds to a
change 1in wavelength (A,-A,) of 2.9 nm. The relationship
between membrane movement and the change 1n detected
wavelength for the particular arrangement 1s therefore 2.9 nm
per micron of movement. A change 1n detected wavelength of
1 pm (p1cometer) therefore represents a movement o1 345 pm.

By analogy, similar calculations could readily be carrnied
out for other arrangements of the light detector and light
source.

Or simply, as soon as A, changes to a different wavelength,
displacement of the membrane 1s detected. The need to quan-
tify the displacement may serve to determine the severity of
turbulence or damage to the blade, or distinguish between
different states of external influence on the membrane, or just
to determine whether a certain threshold has been reached.
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FIG. 5 shows a sensor 112 having a similar arrangement to
that shown in FIG. 3 and described above, except that in place
of the prismatic element 26 1n FIG. 3, a diffraction grating 126
1s provided in a defined area at the surface of the sensor
membrane 118. The light beam 128a from the light source 20
1s incident on the diffraction grating 126 at the surface of the
sensor membrane 118. As the light beam hits the diffraction
grating 126, 1t will be reflected back from the grating whilst at
the same time being split to form a dispersed beam 1285 with
dispersion angle o in which different wavelengths of the light
beam are refracted by slightly different angles. As a result,
cach different wavelength of light 1s reflected back from the
sensor membrane 118 1n a slightly different direction towards
the light detector 30.

As the sensor membrane moves towards or away from the
light detector 30, the position at which the light beam 128a
hits the diffraction grating 126 will shift slightly and there
will be a corresponding shiit 1in the position of the retlected,
dispersed beam 1285 relative to the light detector 30. Since
the position of the light detector 30 1s fixed, the wavelength of
the light that reaches the light detector 30 will depend upon
the position of the sensor membrane 118.

A simplified example 1s 1llustrated in FIG. § in which the
sensor membrane 118 moves upwards relative to the blade
surface by a distance d (the position of the displaced sensor
membrane 1s shown 1n dashed lines).

It can be seen that as a result of the displacement of the
sensor membrane, a different portion of the dispersed,
reflected beam 1285 1s incident on the end of the optical fibre
32 of the light detector 30. As the sensor membrane 118
moves from 1ts original position to the displaced position
shown, the itensity of the received light at a first wavelength
A, (solid line) corresponding to the resting position of the

sensor membrane will therefore diminish whilst the intensity
of the received light at a second wavelength A, (dashed line)
will increase. As described above 1n relation to FIG. 4, this
change 1n the wavelength of the detected light can be used to
calculate the membrane movement.

FIG. 6 shows a sensor 212 having a similar arrangement to
that shown in FIG. 3 and described above, except that in place
of the prismatic element 26 1n FIG. 3, a prismatic element 226
1s provided between the sensor membrane 218 and the light
detector 30. The non-dispersed light beam 2284 from the light
source 20 1s incident on the surface of the sensor membrane
218 and reflected by the sensor membrane 218 in a non-
dispersed reflected beam 2285b. The reflected light beam 22856
then passes through the prismatic element 226 and 1s split by
the prismatic element 226 to form a dispersed beam 228¢ with
dispersion angle o in which different wavelengths of the light
beam 28a are refracted by slightly different angles. A dashed
line indicates the part of the dispersed beam, which with
highest 1nten31ty hits the light detector and the wavelength 1n
that situation 1s indicative of the zero or undisplaced state of
the membrane.

As the sensor membrane 218 moves towards or away from
the light source 20, the position and/or angle at which the
reflected light beam 2285 hits the prismatic element 226 will
shift slightly and there will be a corresponding shiit in the
angle and position of the dispersed beam 228c¢ relative to the
light detector 30. Since the position of the light detector 30 1s
fixed, the wavelength of the light that reaches the light detec-
tor 30 will depend upon the position of the sensor membrane
218. For example, as the sensor membrane 228 moves away
from the light source 20, the intensity of the received light at
a first wavelength A, will increase whilst the intensity of the
received light at a second wavelength A, will diminish. The
opposite will occur as the sensor membrane 228 moves
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towards the light source 20. As described above 1n relation to
FIG. 4, this change 1n the wavelength of the detected light can
be used to calculate the membrane movement using simple
trigonometric methods.

FIG. 7 schematically illustrates the use of a sensor as
described above 1n the monitoring of the sound generated by
a wind turbine gear box. This arrangement 1s in accordance
with the fourth aspect of the present invention, as described
above. F1G. 7 schematically shows the components within the
wind turbine nacelle, including a main shait 310, which 1s
coupled to a generator 312 through a gear box 314. An optical
microphone 316 comprising a sensor as described above 1s
mounted on a part of the inner nacelle casing, at a distance
away from the surface of the gear box 314. The optical micro-
phone 316 1s mounted such that the sensor membrane of the
sensor receives sound waves generated by the gear box 314
during operation of the turbine. As shown, the optical micro-
phone 316 1s connected to an arrangement of optical fibres
318 which provide the light source and the light detector of
the sensor.

The sound waves generated by the gear box 314 during
operation cause vibration of the sensor membrane of the
sensor in the optical microphone. By monitoring the move-
ment of the sensor membrane over time, using the wavelength
techniques described above, it 1s possible to determine the
frequency and amplitude of the detected sound. The ire-
quency and amplitude of the sound are monitored over time
so that any changes to the sound profile which may be indica-
tive of damage or malfunctioning of the gear box 314 or a
component thercof may be immediately identified. In the
event of such damage or malfunction being identified, the
wind turbine can be switched off to enable the necessary
maintenance to be carried out on the gear box 314.

The invention claimed 1s:

1. A wind turbine including an optical sensor system com-
prising one or more sensors, each sensor comprising:

a reflective sensor membrane;

a light source for 1lluminating a surface of the sensor mem-

brane with a light beam;

an optical dispersive element arranged to disperse the light

beam from the light source to produce a dispersed light
beam; and

a light detector for receiving a portion of the light beam

after reflection of the light beam from the surface of the
sensor membrane and after dispersion of the light beam
by the optical dispersive element, wherein the wave-
length of the light received at the light detector varies as
a Tunction of the displacement of the sensor membrane
and wherein the light detector operatively provides an
output based on changes in the wavelength of the
received light,

wherein the wind turbine further comprises a controller for

receiving data from the sensor system and based on the
received data controlling an operating parameter of the
wind turbine.

2. A wind turbine according to claim 1 wherein the optical
dispersive element 1s provided between the light source and
the sensor membrane such that the surface of the sensor
membrane 1s 1lluminated with the dispersed light beam.

3. A wind turbine according to claim 1 wherein the optical
dispersive element 1s provided at the surface of the sensor
membrane such that a dispersed light beam 1s retlected from
the surface.

4. A wind turbine according to claim 1 wherein the optical
dispersive element 1s provided between the sensor membrane
and the light detector such that the retlected light beam 1s
dispersed.
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5. A wind turbine according to claim 1 wherein the light
source emits a light beam with a wavelength range of less than
10 nm.

6. A wind turbine according to claim 5 wherein the light
source emits a light beam with a wavelength range of 1500 nm
to 1505 nm.

7. A wind turbine according to claim 1 wherein the optical
dispersive element of the sensor i1s a prism or a diffraction
grating for separating the wavelengths of the light 1n the light
beam to provide the dispersed light beam.

8. A wind turbine according to claim 1 wherein the optical
dispersive element of the sensor 1s a diffraction grating, holo-
graphic grating or angle dependent filter.

9. A wind turbine according to claim 1 wherein the light
source of the sensor 1s a light emitting diode.

10. A wind turbine according to claim 1 wherein the light
detector of the sensor comprises one or more optical fibres.

11. A wind turbine according to claim 10 wherein the light
detector comprises a WDM (wavelength division multiplex-
ing) system for splitting the recerved light according to wave-
length.

12. A wind turbine according to claim 1 wherein the light
source and the light detector of the optical sensor system are
operatively provided 1n a sensor cavity within a wind turbine
blade component and wherein the sensor membrane covers at
least part of the cavity.

13. A wind turbine according to claim 1 wherein the optical
sensor system comprises a plurality of optical sensors; and a
processor for receiving the output from the light detectors of
the plurality of optical sensors and determining from the
output the displacement of the sensor membrane dependent
on the mtensity and wavelength of light recerved at a light
detector.

14. A wind turbine according to claim 13 wherein the
optical sensor system further comprises a memory for record-
ing the outputs from the light detectors of the plurality of
optical sensors over a predetermined time period wherein the
processor analyses the recorded outputs 1n order to determine
a condition of the wind turbine over the time period.

15. A wind turbine according to claim 13 further compris-
ing a controller for receiving data from the processor and
based on the recerved data controlling an aerodynamic
parameter of the wind turbine.

16. A wind turbine according to claim 13 wherein the
optical sensor system 1s adapted for operatively monitoring
the airflow at a surface of a wind turbine component, wherein
the sensor membrane 1s operatively mounted at a surface of a
wind turbine component for monitoring air flow across the
surface, wherein the processor determines from the output of
the light detectors the type of airtflow across the sensor mem-
brane.

17. A wind turbine according to claim 16 wherein the
optical sensor system 1s adapted for operatively detecting
turbulent air flow at the surface of the wind turbine compo-
nent, wherein the processor analyses variations in the wave-
length of the received light at the light detectors over a pre-
determined period of time to determine whether the air flow
over the sensor membrane 1s turbulent.

18. A wind turbine according to claim 17 wherein the
optical sensor system forms part of a blade control system and
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wherein the controller operatively receives data from the pro-
cessor of the sensor system and, based on the detection of
turbulent air flow, controls an acrodynamic parameter of the
blade.

19. A wind turbine according to claim 1 wherein the optical
sensor system 1s mounted at the surface of a wind turbine
component and 1s adapted for operatively detecting vibration
of the wind turbine component.

20. A wind turbine according to claim 1 wherein the optical
sensor system 1s adapted to provide an optical microphone for
operatively monitoring the sound generated by a wind turbine
component such that the optical microphone 1s tuned to detect
sound waves within a defined range of frequency, wherein the
defined range of frequency varies according to the type of
wind turbine component to be monitored.

21. A wind turbine according to claim 1 wherein the optical
sensor system 1s operatively mounted on a wind turbine blade
such that the sensor membrane 1s integral to the surface of the
blade.

22. An optical sensor system for a wind turbine, the sensor
system having one or more optical sensors, each sensor com-
prising:

a reflective sensor membrane;

a light source for 1lluminating a surface of the sensor mem-

brane;

an optical dispersive element arranged to disperse the light

beam from the light source to produce a dispersed light
beam; and

a light detector for receving a portion of the light beam

after reflection of the light beam from the surface of the
sensor membrane and after dispersion of the light beam
by the optical dispersive element, wherein the wave-
length of the light received at the light detector varies as
a Tunction of the displacement of the sensor membrane
and wherein the light detector operatively provides an
output based on changes in the wavelength of the
received light.

23. A method, comprising:

receving, at a controller, a data signal from an optical

sensor system comprising one or more sensors, each

SeNSOr Comprising:

an optical dispersive element arranged to disperse a light
beam from a light source to produce a dispersed light
beam; and

a light detector for recerving a portion of the light beam
after reflection of the light beam from a surface of a
sensor membrane and after dispersion of the light
beam by the optical dispersive element, wherein the
wavelength of the light recerved at the light detector
varies as a function of the displacement of the sensor
membrane and wherein the light detector operatively
provides an output based on changes 1n the wave-
length of the received light; and

1ssuing, from the controller to the wind turbine, a control

signal configured to control an operating parameter of
the wind turbine, the control signal being based on the
received data signal.
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